Michigan Technological University

Digital Commons @ Michigan Tech
Department of Physics Publications

Department of Physics

7-15-2016

Boron nitride nanotubes: Recent advances in their synthesis,
functionalization, and applications
Chee Huei Lee
Singapore University of Technology and Design

Shiva Bhandari
Michigan Technological University

Bishnu Tiwari
Michigan Technological University

Nazmiye Yapici
Michigan Technological University

Dongyan Zhang
Michigan Technological University

See next page for additional authors
Follow this and additional works at: https://digitalcommons.mtu.edu/physics-fp
Part of the Physics Commons

Recommended Citation
Lee, C. H., Bhandari, S., Tiwari, B., Yapici, N., Zhang, D., & Yap, Y. K. (2016). Boron nitride nanotubes: Recent
advances in their synthesis, functionalization, and applications. Molecules, 21(7), 922. http://dx.doi.org/
10.3390/molecules21070922
Retrieved from: https://digitalcommons.mtu.edu/physics-fp/288

Follow this and additional works at: https://digitalcommons.mtu.edu/physics-fp
Part of the Physics Commons

Authors
Chee Huei Lee, Shiva Bhandari, Bishnu Tiwari, Nazmiye Yapici, Dongyan Zhang, and Yoke Khin Yap

This article is available at Digital Commons @ Michigan Tech: https://digitalcommons.mtu.edu/physics-fp/288

molecules
Review

Boron Nitride Nanotubes: Recent Advances in Their
Synthesis, Functionalization, and Applications
Chee Huei Lee 1 , Shiva Bhandari 2 , Bishnu Tiwari 2 , Nazmiye Yapici 2 , Dongyan Zhang 2
and Yoke Khin Yap 2, *
1
2

*

Engineering Product Development, Singapore University of Technology and Design, 8 Somapah Road,
Singapore 487372, Singapore; cheehuei_lee@sutd.edu.sg
Department of Physics, Michigan Technological University, 1400 Townsend Drive, Houghton,
MI 49931, USA; shivab@mtu.edu (S.B.); bptiwari@mtu.edu (B.T.); nbakca@mtu.edu (N.Y.);
dozhang@mtu.edu (D.Z.)
Correspondence: ykyap@mtu.edu; Tel.: +1-906-487-2900

Academic Editors: Philippe Miele, Samuel Bernard and Zheng Liu
Received: 16 June 2016; Accepted: 11 July 2016; Published: 15 July 2016

Abstract: A comprehensive overview of current research progress on boron nitride nanotubes
(BNNTs) is presented in this article. Particularly, recent advancements in controlled synthesis
and large-scale production of BNNTs will first be summarized. While recent success in mass
production of BNNTs has opened up new opportunities to implement the appealing properties in
various applications, concerns about product purity and quality still remain. Secondly, we will
summarize the progress in functionalization of BNNTs, which is the necessary step for their
applications. Additionally, selected potential applications in structural composites and biomedicine
will be highlighted.
Keywords: boron nitride nanotubes; mass production; functionalization; polymer composites;
biomedical applications

1. Introduction
BNNTs were first predicted in 1994 [1,2] and experimentally realized in the following year [3].
BNNTs have gained significant attention especially in recent years due to their interesting properties
that are not available in other nanomaterials. Although they are structurally analogous to carbon
nanotubes (CNTs), BNNTs exhibit completely different physical properties. For examples, BNNTs are
electrically insulating with a bandgap of 6 eV [4], while CNTs are either metallic or semiconducting,
depending on their chirality and diameter. In addition, BNNTs are chemically and thermally stable
up to 800 ˝ C in air. BNNTs offer excellent thermal conductivity [5], a high Young’s modulus
(up to 1.3 TPa) [6] and superhydropbobicity [7,8]. More recently, the Young’s modulus and shear
modulus were determined to be 1.8 ˘ 0.3 TPa and 7 ˘ 1 GPa [9]. BNNTs are also predicted to be
piezoelectric [10–12] and may be useful for spintronic devices [13]. However, there is a consensus
that BNNTs are very difficult to synthesize. For the past two decades, the research progress on
BNNTs has been hindered by the limited quantity and quality of BNNTs samples available for
widespread investigation of their properties and industrial applications [14,15]. In this article, progress
on controlled synthesis and large scale production of BNNTs will be presented. Functionalization and
potential applications of BNNTs in composites and bio-medicine will then be discussed. It is noted
that electrically insulating BNNTs were recently being used for applications in digital switches when
functionalized with metallic quantum dots [16,17] and graphene [18]. However, electronic device
application will not be reviewed here at this early stage of the research.
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2. Synthesis of BNNTs
The synthesis of BNNTs by various techniques has been demonstrated. Pioneering and
early works on BNNTs were mainly inspired by the techniques for CNT synthesis, including
arc-discharge [3,19], laser heating and vaporization [20–23], the BN substitution method from CNT
templates [24,25], chemical vapor deposition (CVD) using borazine [26,27], induction heating boron
oxide CVD (BOCVD) [4,28–30] and high-temperature ball milling [31,32]. Comprehensive reviews on
synthesis processes can be found elsewhere [14,15,33,34]. In this section, controlled synthesis and mass
production of BNNTs will be highlighted and discussed.
2.1. Thermal Annealing and Chemical Vapor Deposition
Among different chemistry pathways using the CVD approach, a novel and effective process was
invented by Bando’s group in Japan. In 2002, Tang et al. [28] found an effective chemical pathway to
produce BN precursor for the synthesis of BNNTs. Together with boron (B), metal oxides (such as MgO,
FeO, Li2 O) have been found to be effective precursors to produce reactive boron oxide (Bx Oy ) vapour to
react in ammonia (NH3 ) environment. An induction heating chamber was used to initiate the chemical
reaction at 1300 ˝ C for the synthesis of BNNTs. This BOCVD technique has been further improved by
Zhi et al. [29] and is capable in producing BNNT with reasonably low impurities [35]. This process was
very successful for producing BNNTs in gram amounts in a laboratory environment [15]. Due to the
availability of these BOCVD BNNTs, the research group has further initiated other related works, such
as purification, dispersion and functionalization, doping, polymeric composites and so on. Some of the
results will be discussed in the following sections. However, commercialization and real application of
BNNTs in industry is hindered by its relatively lower production rate and the need for customized
chamber design.
Using a similar chemistry, Lee et al. demonstrated the production of high-purity BNNTs at
1200 ˝ C in a conventional resistive tube furnace [30]. As illustrated in Figure 1a, the key feature of this
catalytic CVD (CCVD) technique is the use of a closed end quartz test tube to trap and confine the
growth vapours for the formation of BNNTs. This technique is called the growth vapour trapping
(GVT) approach. The GVT growth of BNNTs can be controlled by the vapour-liquid-solid (VLS)
process by the use of catalytic nanoparticles (MgO, Fe, Ni) coated on Si substrates. This controlled
approach is significantly different from the original BOCVD, where BNNTs are merely formed by
spontaneous nucleation/condensation. Based on the VLS process, patterned growth of BNNTs on a Si
substrate by CVD was reported for the first time [4]. At optimized growth condition, this CCVD/GVT
approach has led to the growth of high quality and high purity BNNTs at desired locations predefined
by catalyst coatings (see Figure 1b,c). Patterned growth not only explains the role of catalysts in
the formation of BNNTs, but it also opens an opportunity to directly fabricate BNNT devices on
substrates at controllable locations. In addition, the GVT method can be easily reproducible in many
other research labs, as the setup is relatively simple [36]. These as-grown BNNTs by this CCVD/GVT
technique are vertically-aligned (Figure 1e), with a band gap of 6 eV without any sub-band features.
Interestingly, these BNNT films exhibit super-hydrophobicity due to its nanoscopic surface roughness
(Figure 1d) [7] and reduced surface energy due to adsorbate formation [8].
On the other hand, the high temperature ball milling process was another synthesis approach
for BNNTs as initiated by Chen et al. in 1999 [31]. This process has been further developed and
refined using boron ink [32,37–39]. In brief, boron powder was ball milled under N2 /NH3 atmosphere
for a long duration (up to 150 h). Later, they were mixed with ferric nitrate (Fe(NO3 )3 ) and cobalt
nitrate (Co(NO3 )2 ) in ethanol to make B ink. After that, this solution was further treated with N2 /NH3
between 1000 ˝ C and 1300 ˝ C for several hours to convert it into BNNTs. B ink could also be applied
on various surfaces to deposit BNNTs [38].
The typical diameter of BNNTs produced by the above mentioned CVD and thermal annealing
methods is of 50–80 nm, and the length is of 100–200 µm. The BOCVD and CCVD/GVT approaches
produce multi-wall nanotubes with very high quality tubular structure. On the other hand, many of the
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as-grown BNNTs by ball-milling have a bamboo-like structure, potentially due to the contamination
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single walled (or few walled) BNNTs. However, it suffered from significantly low yield and high
concentrations of B impurity.
A significant improvement in BNNTs synthesis was reported in 2009 using a modified laser
evaporation
technique [43]. This approach utilized the pressurized vapor/condenser
method
Molecules 2016, 21, 922
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as seen in SEM images, the product contained non-tubular structured impurities, such as h-BN
fragments, amorphous boron, amorphous boron nitride, BNx by-products and possibly other ternary
B-N-H compounds. These impurities are entangled with BNNTs into various fibril structures as shown
in Figure 3c.
A similar inductively coupled plasma technique for the synthesis of BNNTs was independently
reported in 2014 [47]. Interestingly, hydrogen is not necessary for this approach. A customized
extended pressure inductively coupled plasma (EPIC) system was built to produce plasma with power
between 40 to 50 kW. A N2 plasma plume was generated by flowing N2 gas at 50 L per minute. Boron
feedstock (amorphous boron or h-BN powder) were injected at a rate of 100 mg/min to 1700 mg/min
using N2 as the carrier gas (2–5 L/min) into the plasma plume at pressures varying from 14.7 to 75 psi
absolute. At high N2 pressure, molten boron droplets formed within plasma plume react with N2 to
form BNNTs, yielding a record growth rate of 35 g per hour. The product material contained mostly
small diameter double-walled BNNTs with a diameter of ~4 nm. It should be noted that quenching
rates in the reaction chamber is an important parameter in the synthesis process. Figure 2d shows
the morphology of these entangled BNNTs with high contrast spots attributed as unreacted solidified
boron droplets or BNx /non-BNNT impurities. Figure 3b shows BNNT fibrils produced by EPIC with
the synthesis conditions: amorphous boron at 246 mg/min; carrier gas N2 at 2.5 L/min; plasma gas
N2 at 50 L/min; 40 kW plasma at 30 psia.
2.4. Summary Remarks on Controlled Synthesis and Mass Production of BNNTs
Recent developments in controlled synthesis and mass production of BNNTs have been significant.
Here, several remarks are summarized on the failure of mass production [15] prior to 2009 and the key
aspects of the current mass production:
1.

2.
3.

4.

In contrast to the CVD method, all the plasma-based techniques (both laser plasma and inductive
plasma) utilize very high synthesis temperatures (4000 K to 8000 K). These approaches led to the
vaporization of B or BN solids into molten B droplets that induce the formation of BNNTs.
High pressure environment (>1 atm) of nitrogen effectively facilitates and increases the formation
of BNNTs from B droplets, due to higher collision rate of N2 or N radical with B droplets.
A large temperature gradient (i.e., the high cooling rate) by drastic velocity profile or spatial
profile (e.g., a solid condenser or quench rate) seems to enhance the formation small B droplets
and hence further promotes long and small-diameter BNNTs formation.
Apparently, the drawbacks of these plasma-based techniques are as follows:
(a)
(b)

Excessive high synthesis temperatures have led to serious contamination and clustering of
BNNTs. This will make purification and dispersion of the fibril-like BNNTs challenging.
The plasma-based approaches required a customized chamber to generate high synthesis
temperature, high pressure and rapid cooling conditions for mass production.

Obviously, all these plasma techniques failed in producing high-purity BNNTs. Purification
by oxidation will lead to structural damage and cutting of BNNTs. In contrast, the CCVD/GVT
approach (Figure 1) is capable of producing high-quality and high-purity BNNTs even though the
production rate is still low. Nevertheless, mass production and commercialization of BNNTs are now
in place. Therefore, researchers and engineers can obtain samples in gram quantity for their research
activities and product development [48,49]. The current commercial BNNTs are produced either by the
PVC/HTP method or inductively coupled thermal plasma. The current price of few-walled BNNTs
is set within USD 100 per 100 mg range. It is expected that more vibrant research on BNNTs will be
stimulated due to the availability of the material. Industrial and real world applications of BNNTs will
soon become feasible.
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2.5. Purification, Dispersion and Functionalization of BNNTs
Although mass production of BNNTs has become feasible, impurity is still a critical issue. Bulk
BNNTs with high purity are snow-white in appearance [15], while brownish or grayish samples
(as shown in Figure 3) provide an indication of impurity within the BNNT fibrils. Purification is
necessary for many applications, such as those in the areas of composites, and bio-medicine.
Several approaches have been explored to purify as-grown BNNTs contaminated with metallic
catalysts, unreacted precursors and other non-BNNT boron nitride (BNx ) by-products, etc. Overall,
there are three common categories of purification processes: (1) acid treatment [50], (2) thermal
oxidation/annealing in air [46], in addition to (3) surfactant or polymer wrapping separation via
functionalization [51]. These purification processes are usually introduced after synthesis. Even
though BNNTs are chemically inert and resistive to oxidation up to ~900 ˝ C, one should be mindful
that rigorous purification process, such as sonication and strong acid treatment will lead to damaging
and cutting of the BNNT structure and hence altering their intrinsic properties [52,53]. As compared
to metallic particles, BNx impurities would be more difficult to remove since they are also chemically
stable and oxidation resistant.
The dispersion of nanomaterials in liquids is also crucial for many applications. Because of their
small sizes, nanomaterials tend to interact by van der Waals forces. Hence they have a tendency to
aggregate in liquids. The similar scenario happens to BNNTs, especially long BNNTs tend to entangle
with each other. It has become indispensable to develop techniques to disperse and stabilize BNNTs in
aqueous and non-aqueous media for applications in composite, and biomedical areas. The dispersion
of pure BNNTs (without chemical functionalization) with a series of solvents was recently studied
based on the thermodynamic Hansen parameters [54]. It was found that dimethylacetamide (DMAc)
can produce the most stable and uniform dispersion of BNNTs, followed by N,N-dimethyl-formamide
(DMF), acetone, and N-methyl-2-pyrrolidone (NMP). This study further proposed and examined a new
idea of co-solvent systems to improve the dispersion of BNNTs [54]. This approach enables the use of
various organic solvents and polymers for the fabrication of BNNT composites, thin films, coatings,
and paints.
In addition to polar organic solvents, functionalization has become a common practice to stabilize
BNNTs in aqueous media. Two main approaches, namely covalent and non-covalent functionalization
have been established by many research groups. Indeed, other modification approaches have also been
developed over the years, including doping with exotic elements and BCN nanotubes [55–58], filling of
metals or semiconductors into the tubular structure [59,60], as well as nanoparticle decoration on the
surfaces of BNNTs [16,61–63]. In the following sections, non-covalent and covalent functionalization
will be discussed as they are relatively promising for large scaled applications.
3. Non-Covalent Functionalization
Weak interactions such as van der Waals force, electrostatic interaction and π-stacking (π-π)
interaction can be utilized to attach polymers or functional molecules on the surfaces of BNNTs. These
non-covalent functionalization methods are advantageous than covalent functionalization because
of their simplicity. Non-covalent functionalization can also likely preserve the intrinsic properties
of BNNTs, although this may not be always true, depending on the type of interaction involved.
In this context, π-stacking interaction between BNNTs and conjugated polymers [64] or aromatic
molecules [65] is considered as the effective approach for BNNT dispersion in solvents. This is because
of the presence of π-electrons on the hexagonal BN network of BNNTs with the π-electrons localized at
N atoms (polarized or ionic B-N bonds). A series of reports on non-covalent functionalization was
reported by Zhi et al. [51,66–70], with the availability of BNNTs produced by BOCVD. Readers can
refer to a series of review articles for comprehensive details [15,34,71,72].
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BNNTs in aqueous media form bundles and inhomogeneous aggregates [70]. This affects
the cellular uptake processes (internalization/endocytosis) and reliability of biocompatibility
investigations [73]. To address this problem, several approaches have been demonstrated
to functionalize BNNTs in water. For example, BNNTs were functionalized by utilizing the
electrostatic interaction between boron on the BNNTs and amino groups of poly-(ethyleneglycol)
(NH2 -PEG1500) [74]. Furthermore, Zhi et al. showed protein-BNNT interaction in a controllable
manner [75]. In their study, while ferritins can be localized in the hollow core of BNNTs in
absence of any additional chemical, it can also be immobilized onto BNNTs via 1-pyrenebutyric
acid N-hydroxysuccinimide ester (PAHE). In the latter case, BNNTs interact with pyrene- via π-π
stacking and the NHS- (N-hydroxysuccinimide ester) on PAHE reacts with amino groups of ferritin.
Ciofani et al. use BNNTs for biomedical applications by investigating various functionalization
approaches in water. BNNTs were successfully dispersed and functionalized in glycol-chitosan
(GC) [76,77], poly-L-lysine (PLL) [78,79] and polyethyleneimine (PEI) [80]. Cytocompatibility of those
functionalized BNNTs were further investigated and results showed dependence on the polymer
used [81,82]. Another GC-BNNTs complex was also studied by Soares et al. by a slight modification
of the previous approach. They were able to functionalize BNNTs with GC by mixing in ethanol,
stirring at 70 ˝ C, purified and dispersed in water by mild ultrasonication process [83]. Chen et al.
have also utilized the amphipathic dendritic structures to form a stable suspension of BNNTs in water.
The synthetic carbohydrate ligands present at the chain end of the dendrimers can be specifically
bound to receptors. Second generation dendrimer (G-2) with R-mannose moieties (G-2 Man) was
selected to functionalize BNNTs [84]. Gao et al. exploited the π-π interaction of a peptide named B3
(HWSAWWIRSNQS) for forming B3/BNNTs stable complexes [85]. B3/BNNTs suspensions were
obtained by simple sonication procedure. Formation of B3 coating on BNNTs was confirmed by AFM
images as the diameter of BNNTs after functionalization increased to ~80 nm from 20–50 nm. FTIR
and UV-Vis spectroscopy further confirmed the formation of B3/BNNTs complexes. It has been shown
that the electrical structure of BNNTs was altered by the coating.
Lee et al. exploited the hydrophilic and hydrophobic properties of a biocompatible polymer
methoxy-poly (ethylene glycol)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N conjugates
(mPEG-DSPE; MW 5000 Da) for the functionalization of BNNTs [52]. The mPEG-DSPE molecules are a
type of PEGylated phospholipids and can be attached on BNNTs as schematically shown in Figure 4a.
BNNTs functionalized with mPEG-DSPE are stable in water for a few months, as shown in Figure 4b
versus the un-functionalized BNNTs suspended in ethanol as shown in Figure 4c. It was further shown
for the first time that the length of the functionalized BNNTs can be cut and shortened to less than
500 nm via rigorous sonication (Figure 4d). Based on controlled experiments, the authors suggested
that the DSPE tail of mPEG-DSPE can adsorb and wrap around the BNNTs walls by the van der Waals
forces, charge transfer or hydrophobic forces. On the other hand, the hydrophilic PEG groups interact
with water molecules in forming a highly stable suspension of mPEG-DSPE/BNNTs. More recently,
the same group shows that cut BNNTs are biologically compatible in HeLa cells. A confocal microscopy
overlay image of these BNNTs in HeLa cells is presented in Figure 4e.
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versus
other molecules. Therefore, covalent functionalization can potentially alter the intrinsic properties of
BNNTs. Zhi et al. introduced reaction between -COCl group of stearoyl chloride and the amino groups
generated on the defect sites of BNNTs. The modification was done by refluxing the mixture for 120 h
at 100 ˝ C. Modified BNNTs were dispersible in solvents such as chloroform, N,N-dimethyl-acetamide,
tetrahydrofuran, N,N-dimethylformamide, acetone, toluene and ethanol [86]. Various other methods
have been developed for the covalent modifications of BNNTs such as heating BNNTs with amine
terminated poly(ethylene glycol) which formed ionic bonds with boron sites on BNNTs [74], cycling
treatment of BNNTs with dimethyl sulfoxide (DMSO) to peel B-N bond [87] and by fluorination
during the BNNTs synthesis [88]. Similarly, Ciofani et al. have also demonstrated the covalent
approach to functionalize BNNTs by grafting amino functional group on the surface of BNNTs [81].
In their approach, BNNTs were first dispersed and sonicated in HNO3 solution to introduce -OH
groups at the surface of BNNTs via a strong oxidation process. The oxidized BNNTs were further
sonicated in 3-aminopropyltriethoxysilane (APTES) which reacts with the hydroxyl group on the
surface of BNNTs [89], thus resulting free amino groups on the nanotubes side walls allowing further
conjugation to form BNNT complexes. As claimed, these covalent modifications of BNNTs may open

Molecules 2016, 21, 922

10 of 19

ways for prospective applications of BNNTs in drug delivery such as in cell targeting and in general
nanomedicine research.
Recently, reduction chemistry was proposed as an intermediate step for covalent functionalization
of BNNTs [90]. As assisted by density functional theory (DFT), covalent alkylation of BNNTs was
demonstrated using 1-bromohexane by first performing the reduction chemistry. The reduction
of BNNTs was conducted using sodium naphthalide salt in tetrahydrofuran (THF) solution.
The thermogravimetric (TG) analysis and Fourier Transform Infrared (FTIR) measurements showed
a significant increase in reactivity of reduced BNNTs toward covalent alkylation compared to
pristine samples.
5. Potential Applications
5.1. Nano-Fillers for Composites
BNNTs are highly favorable in nanocomposites for mechanical applications due to their excellent
chemical inertness, high thermal conductivity, strong mechanical properties and electrically insulating
nature. BNNT composites have the potential as nano-filler for structural reinforcements of composite
materials. In early studies, for example, a ~1 wt % of soluble BNNTs (with PmPV surfactant) was
used in polystyrene (PS) composite exhibited 21% increase in the elastic modulus [91]. In addition,
the composite displayed perfect transparency. Up to 10 wt % of BNNTs can be incorporated
into polymethyl methacrylate (PMMA) polymeric matrix to improve the thermal conductivity by
~3-fold [15].
Ceramic-BNNTs composite were also reported, but the publications in this area are quite limited.
A barium calcium aluminosilicate (BCAS) glass composite containing ~4 wt % BNNTs was fabricated
by hot pressing. It was found that the flexure strength and fracture toughness of the composite
was increased by 90% and 35%, respectively compared to those of the intrinsic glass. In addition,
Al2 O3 -BNNTs and Si3 N4 ceramic-BNNTs composites were also reported [92]. With a small addition
(0.5 wt %) of BNNTs, the Vickers hardness of Al2 O3 can be increased from 17.3 to 19.1 GPa. However,
with higher fraction of BNNTs, the value dropped to 14.5 GPa.
As inspired by CNTs-metal composites, BNNTs-aluminum matrices were investigated with the
aim of making lightweight and strong Al matrices. This was performed using a powder metallurgy
technique-a high pressure torsion processing technique (HPT) at room temperature under 5 GPa
pressurization [93]. For 5 wt % of BNNT incorporation (annealed at 450 ˝ C), it was found that the
tensile strength of the Al matrices is ~420 MPa at room temperature, more than two times higher than
that of pure Al samples fabricated under the identical conditions. It should be noted that the result can
be process-dependent. In another study by using spark plasma sintering (SPS), the hardness of the
composites was not changed with the increase of BNNTs content [94].
There has been a great deal of research interest in polymeric BNNT composites. For example,
a filtering-absorbing process was reported to allow the incorporation of BNNT (up to 18–37 wt %
BNNTs) into polymer matrices. In this study, four different types of polymer were used, including
polyvinyl butyral (PVB), polystyrene (PS), polymethyl methacrylate (PMMA) and polyethylene vinyl
alcohol (PEVA). It was shown that thermal conductivity of PMMA can be improved over 21-times [95].
More recently, it was reported that one can incorporate up to 75 wt % of BNNTs into polymers [44].
Further investigation is needed to understand the mechanical performance of these composites.
There is a growing interest in using BNNT composites for shielding applications. For example,
BNNT composites may be useful as ultra-violet (UV) filters without affecting the transmission of
visible light. This is due to the fact that BNNT strongly absorb UV radiation due to their wide
band gap property. In addition, BNNTs or BN materials with isotope boron-10 (10 B) have attracted
significant research interest in neutron radiation shielding, especially in space and aerospace industries
and nuclear engineering [96]. Besides helium-3 (3 He), 10 B has one of the largest neutron absorption
cross section (3835 barns) among all elements [97]. It is worth mentioning that secondary neutrons,
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which have been previously ignored, can be produced inside a space structure when the space
radiation (such as galactic cosmic radiation, solar energetic particles, etc.) interacts with the walls of
the structures. BNNTs have potential to be a multifunctional material, not only for their light weight
yet strong mechanical structure, but also for space radiation and neutron radiation shielding [44].
Remarks on Composite Application of BNNTs
As BNNTs can now be produced in larger quantity, industrial applications of BNNT composites
become more possible. The incorporation of BNNTs is capable of introducing multiple property
enhancements simultaneously, including the mechanical strength, neutron radiation shielding, and
thermal conductivity. Overall, better composite properties can be obtained by the incorporation of
BNNTs due to their higher elastic modulus, and higher heat conductivity. However, higher fraction
of BNNTs in the polymeric composites does not guarantee higher performance of the composites,
likely due to the agglomeration of the nanotubes. Apparently, in the composite fabrication process,
the quality and the purity of BNNTs can affect the performance of the composites. There is a plenty
of room for improvement in the current mass production techniques by overcoming the quality and
purity issues of BNNT fibrils. In contrast, current CCVD approach for controlled synthesis of BNNTs
produce high-quality BNNTs in high purity. However, large-scale synthesis by CCVD is still in its
infancy regarding its ability to meet the needs of composite materials production.
5.2. Biomedical Applications
Over the past two decades, there has been great interest and enthusiasm for nanomaterials
in biomedical applications. This is due to their small size, high surface to volume ratio,
surface functionality, in combination with other physical, chemical, and biological properties
of the nanomaterials [98]. For the same reasons, BNNTs have attracted significant research
interest for biomedical applications [99].
For example, BNNTs can be incorporated into
polylactide-polycaprolactone (PLC) copolymer, a biodegradable polymer to improve the mechanical
properties of the polymer for orthopedic implant/scaffold application [100]. Incorporation of 5 wt %
BNNTs in PLC was found to increase the elastic modulus of PLC by 1370% increase and the tensile
strength of PLC by 109%. An increase in osteoblast cell viability was also observed with the BNNT-PLC
composite, compared to that of pure PLC [100]. The incorporation of BNNTs also resulted in
the increase of the Runx2 gene expression level, the main regulator of osteoblast differentiation.
Hydroxyapatite (HA, Ca10 (PO4 )6 (OH)2 ), a clinically accepted orthopaedic implant material with a
crystal structure similar to apatite in human skeleton, exhibits poor fracture toughness and wear
resistance for application in load bearing orthopaedic implants. In order to overcome this limitation,
BNNTs were added into HA composite for mechanical reinforcement [101]. The hardness, fracture
toughness and wear resistance of the composite were found to improve, without adverse effect on
the osteoblasts cell proliferation and viability. In another recent work, BNNTs were demonstrated to
reinforce β-tricalcium phosphate (β-TCP) scaffolds that are manufactured using laser sintering. In this
study, BNNTs were found to promote the osteogenic differentiation of umbilical cord mesenchymal
stem cells (UC-MSCs), indicating good osteoinductive properties for potential use in bone scaffolds
and repair [102].
For biomedical applications, cytocompatibility of novel nanomaterials by in vitro studies is
always the first step to be accomplished. Eventually, in vivo testing is mandatory in order to
proceed before any realistic biomedical application. Indeed, biocompatibility studies of BNNTs
usually relate to functionalization and dispersion of BNNTs in aqueous solution. Ciofani et al. and
Chen et al. initiated the first biocompatibility tests on BNNTs [80,84]. Several review articles on the
cytotoxicity, biocompatibility and biomedical application studies of BNNTs can also be found in the
literature [34,71,81,99,103,104]. Figure 5 illustrates the current trend of potential BNNTs applications
in nanomedicine.
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Most of the biocompatibility evaluations were performed by introducing functionalized BNNTs
Most of the biocompatibility evaluations were performed by introducing functionalized BNNTs
into the cell culture media in vitro. Recently, in vivo toxicological studies with different biological
into the cell culture media in vitro. Recently, in vivo toxicological studies with different biological
systems have been initiated and the results have been promising [83,105,106]. In brief, multiple injection
systems have been initiated and the results have been promising [83,105,106]. In brief, multiple injection
(once per day for three days) of 5 mg/kg of GC-BNNTs were very well tolerated by the investigated
(once per day for three days) of 5 mg/kg of GC-BNNTs were very well tolerated by the investigated
rabbits, without evidence of adverse effects, including no blood, liver or kidney impairment [105].
rabbits, without evidence of adverse effects, including no blood, liver or kidney impairment [105].
For the first time, the pharmacokinetic analysis of BNNTs in organism was also performed and the
For the first time, the pharmacokinetic analysis of BNNTs in organism was also performed and the
blood half-life of GC-BNNTs was calculated to be ~1.5 h [105]. The data are encouraging, and suggest the
blood half-life of GC-BNNTs was calculated to be ~1.5 h [105]. The data are encouraging, and suggest
suitability and biocompatibility of BNNTs for pharmaceutical applications.
the suitability and biocompatibility of BNNTs for pharmaceutical applications.
Besides in vitro and in vivo studies, cell culture was performed on BNNT films coated on steel
substrates by the B ink method. These BNNT films were first transformed from hydrophobic to
hydrophilic after plasma treatments. The cell culture tests were performed by using human mammary
fibroblasts and transformed cell line (TXP RFP3). Results showed that pristine BNNT films could
support the cell growth. On the other hand, plasma treatments can enhance the cell adhesion and
proliferation, attributed to the surface roughness of the 3D nanostructured BNNT films. It was claimed
that BNNT films can be useful as scaffold for tissue engineering applications [107].
Boron neutron capture therapy (BNCT) is a selective radiotherapy where 10 B atoms are used to
absorb low-energy thermal neutrons, which will then spontaneously decays to produce 4 He (α particle)
and 7 Li. In principle, it has the potential for effective treatment for many forms of cancers [108,109].
Because of these high linear energy transfer, the resultant α particles have limited path lengths in tissues
and cells (5–9 µm). Therefore, the destructive effect of α particles is limited to boron containing cells.
In order for BNCT to be successful, a sufficient amount of 10 B must be selectively delivered to the tumor
cells (~20 µg/g or ~109 atoms/cell), and enough thermal neutrons must be absorbed by them to sustain
a lethal 10 B (n,α) 7 Li capture reaction [110]. BNCT has progressed relatively slowly since 1950s [111].
The research community has been actively looking for effective boron delivery agents, a difficult task
of the highest priority [110]. As of now, sodium borocaptate (BSH) and boronophenylalanine (BPA)
compounds are the only common boron delivery agents, although other boron-contained compounds
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are also being studied [110]. Not much attention is paid to BNNTs so far. The advantages of using
BNNTs are their simple chemical composition (B and N) and chemical inertness. More importantly,
it can be functionalized to recognize specific tumors. Very recently, the BNNT biomedical research
community has initiated studies and produces promising results, by investigating functionalized
BNNTs as boron atom carriers to targeted cells in vitro [112–114]. Surely, for real BNCT applications,
more work needs to be done. To enable the application of BNNTs in BNCT, 10 B must be used for the
synthesis of BNNTs, which is experimentally very feasible.
Remarks on Cytotoxicity of BNNTs in Biomedical Applications
Much like the cases of other nanomaterials, the cytotoxicity of BNNTs could depend on their
purity, concentration, functionalization, size, and structure (presence of defects), as well as the cell
type that is investigated. We notice that BNNT biomedical research reported so far are based on the
use of BNNTs with inconsistent sample quality (such as bamboo-like structures, large BNNT diameter
>50 nm, amorphous-like rough tube surface) and purity (samples with high fraction of impurities and
byproducts, etc.). Therefore, controversial results (sometimes contradicting with each other) were
reported regarding cytotoxicity of BNNTs in biological system [81,82]. The lack of high quality BNNTs
in the past is the leading cause of inconsistency in BNNT biomedical research.
Apparently, there is still no systematic toxicity studies on the effect of sample quality and purity,
as well as a comparison between single-walled (or smaller diameter) and multi-walled BNNTs [105].
Nevertheless, in the past 2–3 years, we have observed that the BNNT biomedical research community
is shifting, using smaller diameter and higher quality BNNTs produced by BOCVD [115], laser
evaporation PVC/HTP [116] or soon inductive thermal plasma methods. As of today the number of
publications based on high-quality BNNTs is still limited, but the effect of nanotube quality and purity
should be addressed in the near future. The emphasis on quality and purity factors will lead to more
consistent or even more biocompatible biomedical applications.
6. Conclusions
In summary, recent advances in controlled synthesis of BNNTs by CCVD and mass production
of BNNTs by the plasma-based techniques have started to stimulate significant progress on the
investigation and application of BNNTs. These studies have led to further understanding of the growth
mechanism of BNNTs and the large-scale production of high quality BNNTs. Together with BOCVD,
increased availability of BNNTs opens up a wide-range of potential applications based on advantageous
properties of BNNTs, including but not limited to composite materials, biomedical applications, novel
nanoelectronic devices and aerospace technologies. Purification and functionalization are the critical
factors and important for almost every application. Nevertheless, the advancement in BNNT synthesis
and functionalization have started to stimulate and attract more interest in BNNTs. The future outlook
of BNNT research is promising and exciting. Some of the important steps for further progress of BNNT
research are including: (1) the exploration of new promising applications, and (2) the exploration of
new synthesis technique for large-scale synthesis of high-quality and high-purity BNNTs.
Acknowledgments: Y.K.Y. acknowledge the support from the National Science Foundation, Division of Materials
Research (Award No. 1261910).
Author Contributions: C.H.L. took the lead and wrote the review article with the inputs from S.B., B.T., N.Y., D.Z.
and Y.K.Y.
Conflicts of Interest: The authors declare no conflict of interest.

Molecules 2016, 21, 922

14 of 19

References
1.
2.
3.
4.
5.

6.
7.
8.

9.

10.
11.

12.
13.
14.
15.
16.

17.

18.

19.
20.
21.

Rubio, A.; Corkill, J.L.; Cohen, M.L. Theory of graphitic boron nitride nanotubes. Phys. Rev. B 1994, 49.
[CrossRef]
Blase, X.; Rubio, A.; Louie, S.; Cohen, M. Stability and band gap constancy of boron nitride nanotubes.
EPL-Europhys. Lett. 1994, 28. [CrossRef]
Chopra, N.G.; Luyken, R.; Cherrey, K.; Crespi, V.H.; Cohen, M.L.; Louie, S.G.; Zettl, A. Boron nitride
nanotubes. Science 1995, 269, 966–967. [CrossRef] [PubMed]
Lee, C.H.; Xie, M.; Kayastha, V.; Wang, J.; Yap, Y.K. Patterned growth of boron nitride nanotubes by catalytic
chemical vapor deposition. Chem. Mater. 2010, 22, 1782–1787. [CrossRef]
Chang, C.; Fennimore, A.; Afanasiev, A.; Okawa, D.; Ikuno, T.; Garcia, H.; Li, D.; Majumdar, A.; Zettl, A.
Isotope effect on the thermal conductivity of boron nitride nanotubes. Phys. Rev. Lett. 2006, 97. [CrossRef]
[PubMed]
Chopra, N.G.; Zettl, A. Measurement of the elastic modulus of a multi-wall boron nitride nanotube.
Solid State Commun. 1998, 105, 297–300. [CrossRef]
Lee, C.H.; Drelich, J.; Yap, Y.K. Superhydrophobicity of boron nitride nanotubes grown on silicon substrates.
Langmuir 2009, 25, 4853–4860. [CrossRef] [PubMed]
Boinovich, L.B.; Emelyanenko, A.M.; Pashinin, A.S.; Lee, C.H.; Drelich, J.; Yap, Y.K. Origins of
Thermodynamically Stable Superhydrophobicity of Boron Nitride Nanotubes Coatings. Langmuir 2012,
28, 1206–1216. [CrossRef] [PubMed]
Tanur, A.E.; Wang, J.; Reddy, A.L.M.; Lamont, D.N.; Yap, Y.K.; Walker, G.C. Diameter-Dependent Bending
Modulus of Individual Multiwall Boron Nitride Nanotubes. J. Phys. Chem. B 2013, 117, 4618–4625. [CrossRef]
[PubMed]
Yitao, D.; Wanlin, G.; Zhuhua, Z.; Bin, Z.; Chun, T. Electric-field-induced deformation in boron nitride
nanotubes. J. Phys. D Appl. Phys. 2009, 42. [CrossRef]
Kang, J.H.; Sauti, G.; Park, C.; Yamakov, V.I.; Wise, K.E.; Lowther, S.E.; Fay, C.C.; Thibeault, S.A.; Bryant, R.G.
Multifunctional Electroactive Nanocomposites Based on Piezoelectric Boron Nitride Nanotubes. ACS Nano
2015, 9, 11942–11950. [CrossRef] [PubMed]
Nakhmanson, S.; Calzolari, A.; Meunier, V.; Bernholc, J.; Nardelli, M.B. Spontaneous polarization and
piezoelectricity in boron nitride nanotubes. Phys. Rev. B 2003, 67. [CrossRef]
Dhungana, K.; Pati, R. Boron Nitride Nanotubes for Spintronics. Sensors 2014, 14, 17655–17685. [CrossRef]
[PubMed]
Wang, J.; Lee, C.H.; Yap, Y.K. Recent advancements in boron nitride nanotubes. Nanoscale 2010, 2, 2028–2034.
[CrossRef] [PubMed]
Zhi, C.; Bando, Y.; Tang, C.; Golberg, D. Boron nitride nanotubes. Mater. Sci. Eng. R 2010, 70, 92–111.
[CrossRef]
Lee, C.H.; Qin, S.; Savaikar, M.A.; Wang, J.; Hao, B.; Zhang, D.; Banyai, D.; Jaszczak, J.A.; Clark, K.W.;
Idrobo, J.-C.; et al. Room-Temperature Tunneling Behavior of Boron Nitride Nanotubes Functionalized with
Gold Quantum Dots. Adv. Mater. 2013, 25, 4544–4548. [CrossRef] [PubMed]
Hao, B.; Asthana, A.; Hazaveh, P.K.; Bergstrom, P.L.; Banyai, D.; Savaikar, M.A.; Jaszczak, J.A.; Yap, Y.K.
New Flexible Channels for Room Temperature Tunneling Field Effect Transistors. Sci. Rep. 2016, 6. [CrossRef]
[PubMed]
Parashar, V.; Durand, C.P.; Hao, B.; Amorim, R.G.; Pandey, R.; Tiwari, B.; Zhang, D.; Liu, Y.; Li, A.-P.; Yap, Y.K.
Switching Behaviors of Graphene-Boron Nitride Nanotube Heterojunctions. Sci. Rep. 2015, 5. [CrossRef]
[PubMed]
Loiseau, A.; Willaime, F.; Demoncy, N.; Hug, G.; Pascard, H. Boron nitride nanotubes with reduced numbers
of layers synthesized by arc discharge. Phys. Rev. Lett. 1996, 76. [CrossRef] [PubMed]
Arenal, R.; Stephan, O.; Cochon, J.-L.; Loiseau, A. Root-growth mechanism for single-walled boron nitride
nanotubes in laser vaporization technique. J. Am. Chem. Soc. 2007, 129, 16183–16189. [CrossRef] [PubMed]
Yu, D.P.; Sun, X.S.; Lee, C.S.; Bello, I.; Lee, S.T.; Gu, H.D.; Leung, K.M.; Zhou, G.W.; Dong, Z.F.; Zhang, Z.
Synthesis of boron nitride nanotubes by means of excimer laser ablation at high temperature. Appl. Phys. Lett.
1998, 72, 1966–1968. [CrossRef]

Molecules 2016, 21, 922

22.

23.
24.
25.
26.
27.

28.
29.
30.
31.
32.
33.
34.
35.

36.
37.
38.
39.
40.
41.
42.

43.

44.

15 of 19

Lee, R.; Gavillet, J.; de La Chapelle, M.L.; Loiseau, A.; Cochon, J.-L.; Pigache, D.; Thibault, J.; Willaime, F.
Catalyst-free synthesis of boron nitride single-wall nanotubes with a preferred zig-zag configuration.
Phys. Rev. B 2001, 64. [CrossRef]
Laude, T.; Matsui, Y.; Marraud, A.; Jouffrey, B. Long ropes of boron nitride nanotubes grown by a continuous
laser heating. Appl. Phys. Lett. 2000, 76, 3239–3241. [CrossRef]
Han, W.; Bando, Y.; Kurashima, K.; Sato, T. Synthesis of boron nitride nanotubes from carbon nanotubes by a
substitution reaction. Appl. Phys. Lett. 1998, 73, 3085–3087. [CrossRef]
Han, W.-Q.; Mickelson, W.; Cumings, J.; Zettl, A. Transformation of BxCyNz nanotubes to pure BN nanotubes.
Appl. Phys. Lett. 2002, 81, 1110–1112. [CrossRef]
Lourie, O.R.; Jones, C.R.; Bartlett, B.M.; Gibbons, P.C.; Ruoff, R.S.; Buhro, W.E. CVD Growth of Boron Nitride
Nanotubes. Chem. Mater. 2000, 12, 1808–1810. [CrossRef]
Kim, M.J.; Chatterjee, S.; Kim, S.M.; Stach, E.A.; Bradley, M.G.; Pender, M.J.; Sneddon, L.G.; Maruyama, B.
Double-Walled Boron Nitride Nanotubes Grown by Floating Catalyst Chemical Vapor Deposition. Nano Lett.
2008, 8, 3298–3302. [CrossRef] [PubMed]
Tang, C.; Bando, Y.; Sato, T.; Kurashima, K. A novel precursor for synthesis of pure boron nitride nanotubes.
Chem. Commun. 2002. [CrossRef]
Zhi, C.; Bando, Y.; Tan, C.; Golberg, D. Effective precursor for high yield synthesis of pure BN nanotubes.
Solid State Commun. 2005, 135, 67–70. [CrossRef]
Lee, C.H.; Wang, J.; Kayatsha, V.K.; Huang, J.Y.; Yap, Y.K. Effective growth of boron nitride nanotubes by
thermal chemical vapor deposition. Nanotechnology 2008, 19. [CrossRef] [PubMed]
Chen, Y.; Chadderton, L.T.; Gerald, J.F.; Williams, J.S. A solid-state process for formation of boron nitride
nanotubes. Appl. Phys. Lett. 1999, 74, 2960–2962. [CrossRef]
Li, L.H.; Chen, Y.; Glushenkov, A.M. Synthesis of boron nitride nanotubes by boron ink annealing.
Nanotechnology 2010, 21. [CrossRef] [PubMed]
Golberg, D.; Bando, Y.; Tang, C.; Zhi, C. Boron nitride nanotubes. Adv. Mater. 2007, 19, 2413–2432. [CrossRef]
Kalay, S.; Yilmaz, Z.; Sen, O.; Emanet, M.; Kazanc, E.; Çulha, M. Synthesis of boron nitride nanotubes and
their applications. Beilstein J. Nanotechnol. 2015, 6, 84–102. [CrossRef] [PubMed]
Huang, Y.; Lin, J.; Tang, C.; Bando, Y.; Zhi, C.; Zhai, T.; Dierre, B.; Sekiguchi, T.; Golberg, D. Bulk synthesis,
growth mechanism and properties of highly pure ultrafine boron nitride nanotubes with diameters of
sub-10 nm. Nanotechnology 2011, 22. [CrossRef] [PubMed]
Amir, P.; Chunyi, Z.; Yoshio, B.; Tomonobu, N.; Dmitri, G. A comprehensive analysis of the CVD growth of
boron nitride nanotubes. Nanotechnology 2012, 23. [CrossRef]
Li, L.; Liu, X.; Li, L.; Chen, Y. High yield BNNTs synthesis by promotion effect of milling-assisted precursor.
Microelectron. Eng. 2013, 110, 256–259. [CrossRef]
Li, L.H.; Chen, Y.; Glushenkov, A.M. Boron nitride nanotube films grown from boron ink painting.
J. Mater. Chem. 2010, 20, 9679–9683. [CrossRef]
Li, L.; Li, L.H.; Chen, Y.; Dai, X.J.; Xing, T.; Petravic, M.; Liu, X. Mechanically activated catalyst mixing for
high-yield boron nitride nanotube growth. Nanoscale Res. Lett. 2012. [CrossRef] [PubMed]
Golberg, D.; Bando, Y.; Eremets, M.; Takemura, K.; Kurashima, K.; Yusa, H. Nanotubes in boron nitride laser
heated at high pressure. Appl. Phys. Lett. 1996, 69, 2045–2047. [CrossRef]
Zhou, G.W.; Zhang, Z.; Bai, Z.G. Catalyst effects on formation of boron nitride nano-tubules synthesized by
laser ablation. Solid State Commun. 1999, 109, 555–559. [CrossRef]
Wang, J.; Kayastha, V.K.; Yap, Y.K.; Fan, Z.; Lu, J.G.; Pan, Z.; Ivanov, I.N.; Puretzky, A.A.; Geohegan, D.B.
Low temperature growth of boron nitride nanotubes on substrates. Nano Lett. 2005, 5, 2528–2532. [CrossRef]
[PubMed]
Smith, M.W.; Jordan, K.C.; Park, C.; Kim, J.-W.; Lillehei, P.T.; Crooks, R.; Harrison, J.S. Very long single-and
few-walled boron nitride nanotubes via the pressurized vapor/condenser method. Nanotechnology 2009, 20.
[CrossRef] [PubMed]
Tiano, A.L.; Park, C.; Lee, J.W.; Luong, H.H.; Gibbons, L.J.; Chu, S.-H.; Applin, S.; Gnoffo, P.; Lowther, S.;
Kim, H.J.; et al. Boron nitride nanotube: Synthesis and applications. In Proc. SPIE 9060, Nanosensors,
Biosensors, and Info-Tech Sensors and Systems 2014; Varadan, V.K., Ed.; SPIE: San Diego, CA, USA, 2014;
Volume 9060. [CrossRef]

Molecules 2016, 21, 922

45.
46.

47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
59.
60.
61.

62.

63.
64.

65.

66.
67.

16 of 19

Gnoffo, P.A.; Fay, C.C. Laser Vaporization and Plume Chemistry in a Boron Nitride Nanotube Production
Rig. J. Thermophys. Heat Tranf. 2013, 27, 369–381. [CrossRef]
Kim, K.S.; Kingston, C.T.; Hrdina, A.; Jakubinek, M.B.; Guan, J.; Plunkett, M.; Simard, B. Hydrogen-Catalyzed,
Pilot-Scale Production of Small-Diameter Boron Nitride Nanotubes and Their Macroscopic Assemblies.
ACS Nano 2014, 8, 6211–6220. [CrossRef] [PubMed]
Fathalizadeh, A.; Pham, T.; Mickelson, W.; Zettl, A. Scaled Synthesis of Boron Nitride Nanotubes,
Nanoribbons, and Nanococoons Using Direct Feedstock Injection into an Extended-Pressure,
Inductively-Coupled Thermal Plasma. Nano Lett. 2014, 14, 4881–4886. [CrossRef] [PubMed]
BNNT, LLC. Available online: http://www.bnnt.com/ (accessed on 5 August 2016).
Raymor Industries Inc. Available online: http://www.raymor.com/our-products/ (accessed on
5 August 2016).
Chen, H.; Chen, Y.; Yu, J.; Williams, J.S. Purification of boron nitride nanotubes. Chem. Phys. Lett. 2006,
425, 315–319. [CrossRef]
Zhi, C.; Bando, Y.; Tang, C.; Honda, S.; Sato, K.; Kuwahara, H.; Golberg, D. Purification of Boron Nitride
Nanotubes through Polymer Wrapping. J. Phys. Chem. B 2006, 110, 1525–1528. [CrossRef] [PubMed]
Lee, C.H.; Zhang, D.; Yap, Y.K. Functionalization, dispersion, and cutting of boron nitride nanotubes in
water. J. Phys. Chem. C 2011, 116, 1798–1804. [CrossRef]
Liao, Y.; Chen, Z.; Connell, J.W.; Fay, C.C.; Park, C.; Kim, J.-W.; Lin, Y. Chemical Sharpening, Shortening,
and Unzipping of Boron Nitride Nanotubes. Adv. Funct. Mater. 2014, 24, 4497–4506. [CrossRef]
Tiano, A.L.; Gibbons, L.; Tsui, M.; Applin, S.I.; Silva, R.; Park, C.; Fay, C.C. Thermodynamic approach to
boron nitride nanotube solubility and dispersion. Nanoscale 2016, 8, 4348–4359. [CrossRef] [PubMed]
Chen, H.; Chen, Y.; Li, C.P.; Zhang, H.; Williams, J.S.; Liu, Y.; Liu, Z.; Ringer, S.P. Eu-doped Boron Nitride
Nanotubes as a Nanometer-Sized Visible-Light Source. Adv. Mater. 2007, 19, 1845–1848. [CrossRef]
Tang, C.; Bando, Y.; Huang, Y.; Yue, S.; Gu, C.; Xu, F.; Golberg, D. Fluorination and Electrical Conductivity of
BN Nanotubes. J. Am. Chem. Soc. 2005, 127, 6552–6553. [CrossRef] [PubMed]
Wang, W.L.; Bai, X.D.; Liu, K.H.; Xu, Z.; Golberg, D.; Bando, Y.; Wang, E.G. Direct Synthesis of B´C´N
Single-Walled Nanotubes by Bias-Assisted Hot Filament Chemical Vapor Deposition. J. Am. Chem. Soc. 2006,
128, 6530–6531. [CrossRef] [PubMed]
Iyyamperumal, E.; Wang, S.; Dai, L. Vertically Aligned BCN Nanotubes with High Capacitance. ACS Nano
2012, 6, 5259–5265. [CrossRef] [PubMed]
Pham, T.; Fathalizadeh, A.; Shevitski, B.; Turner, S.; Aloni, S.; Zettl, A. A Universal Wet-Chemistry Route to
Metal Filling of Boron Nitride Nanotubes. Nano Lett. 2016, 16, 320–325. [CrossRef] [PubMed]
Li, Y.; Dorozhkin, P.S.; Bando, Y.; Golberg, D. Controllable Modification of SiC Nanowires Encapsulated in
BN Nanotubes. Adv. Mater. 2005, 17, 545–549. [CrossRef]
Wu, J.; Yin, L. Platinum Nanoparticle Modified Polyaniline-Functionalized Boron Nitride Nanotubes for
Amperometric Glucose Enzyme Biosensor. ACS Appl. Mater. Interfaces 2011, 3, 4354–4362. [CrossRef]
[PubMed]
Huang, Y.; Lin, J.; Bando, Y.; Tang, C.; Zhi, C.; Shi, Y.; Takayama-Muromachi, E.; Golberg, D. BN
nanotubes coated with uniformly distributed Fe3O4 nanoparticles: Novel magneto-operable nanocomposites.
J. Mater. Chem. 2010, 20, 1007–1011. [CrossRef]
Zhi, C.; Bando, Y.; Tang, C.; Golberg, D. SnO2 Nanoparticle-Functionalized Boron Nitride Nanotubes.
J. Phys. Chem. B 2006, 110, 8548–8550. [CrossRef] [PubMed]
Velayudham, S.; Lee, C.H.; Xie, M.; Blair, D.; Bauman, N.; Yap, Y.K.; Green, S.A.; Liu, H. Noncovalent
Functionalization of Boron Nitride Nanotubes with Poly(p-phenylene-ethynylene)s and Polythiophene.
ACS Appl. Mater. Interfaces 2010, 2, 104–110. [CrossRef] [PubMed]
Kim, D.; Sawada, T.; Zhi, C.; Bando, Y.; Golberg, D.; Serizawa, T. Dispersion of Boron Nitride Nanotubes in
Aqueous Solution by Simple Aromatic Molecules. J. Nanosci. Nanotechnol. 2014, 14, 3028–3033. [CrossRef]
[PubMed]
Zhi, C.; Bando, Y.; Tang, C.; Xie, R.; Sekiguchi, T.; Golberg, D. Perfectly Dissolved Boron Nitride Nanotubes
Due to Polymer Wrapping. J. Am. Chem. Soc. 2005, 127, 15996–15997. [CrossRef] [PubMed]
Zhi, C.; Bando, Y.; Wang, W.; Tang, C.; Kuwahara, H.; Golberg, D. Molecule Ordering Triggered by Boron
Nitride Nanotubes and “Green” Chemical Functionalization of Boron Nitride Nanotubes. J. Phys. Chem. C
2007, 111, 18545–18549. [CrossRef]

Molecules 2016, 21, 922

68.
69.

70.

71.

72.
73.

74.
75.
76.

77.

78.

79.

80.

81.
82.

83.

84.

85.
86.

17 of 19

Zhi, C.Y.; Bando, Y.; Tang, C.C.; Huang, Q.; Golberg, D. Boron nitride nanotubes: Functionalization and
composites. J. Mater. Chem. 2008, 18, 3900–3908. [CrossRef]
Huang, Q.; Sandanayaka, A.S.D.; Bando, Y.; Zhi, C.Y.; Ma, R.Z.; Shen, G.Z.; Golberg, D.; Zhao, J.C.; Araki, Y.;
Ito, O.; et al. Donor–Acceptor Nanoensembles Based on Boron Nitride Nanotubes. Adv. Mater. 2007,
19, 934–938. [CrossRef]
Wang, W.; Bando, Y.; Zhi, C.; Fu, W.; Wang, E.; Golberg, D. Aqueous noncovalent functionalization and
controlled near-surface carbon doping of multiwalled boron nitride nanotubes. J. Am. Chem. Soc. 2008,
130, 8144–8145. [CrossRef] [PubMed]
Gao, Z.; Zhi, C.; Bando, Y.; Golberg, D.; Serizawa, T. Noncovalent Functionalization of Boron Nitride
Nanotubes in Aqueous Media Opens Application Roads in Nanobiomedicine. Nanobiomedicine 2014,
20, 1575–1581. [CrossRef]
Weng, Q.; Wang, X.; Wang, X.; Bando, Y.; Golberg, D. Functionalized hexagonal boron nitride nanomaterials:
Emerging properties and applications. Chem. Soc. Rev. 2016, 45, 3989–4012. [CrossRef] [PubMed]
Oostingh, G.J.; Casals, E.; Italiani, P.; Colognato, R.; Stritzinger, R.; Ponti, J.; Pfaller, T.; Kohl, Y.; Ooms, D.;
Favilli, F. Problems and challenges in the development and validation of human cell-based assays to
determine nanoparticle-induced immunomodulatory effects. Part. Fibre Toxicol. 2011, 8. [CrossRef] [PubMed]
ShiraláFernando, K. Solubilization of boron nitride nanotubes. Chem. Commun. 2005, 3670–3672.
Zhi, C.; Bando, Y.; Tang, C.; Golberg, D. Immobilization of proteins on boron nitride nanotubes.
J. Am. Chem. Soc. 2005, 127, 17144–17145. [CrossRef] [PubMed]
Ciofani, G.; Danti, S.; D’Alessandro, D.; Moscato, S.; Menciassi, A. Assessing cytotoxicity of boron nitride
nanotubes: Interference with the MTT assay. Biochem. Biophys. Res. Commun. 2010, 394, 405–411. [CrossRef]
[PubMed]
Del Turco, S.; Ciofani, G.; Cappello, V.; Gemmi, M.; Cervelli, T.; Saponaro, C.; Nitti, S.; Mazzolai, B.;
Basta, G.; Mattoli, V. Cytocompatibility evaluation of glycol-chitosan coated boron nitride nanotubes in
human endothelial cells. Colloids Surf. B 2013, 111, 142–149. [CrossRef] [PubMed]
Ciofani, G.; Ricotti, L.; Danti, S.; Moscato, S.; Nesti, C.; D’Alessandro, D.; Dinucci, D.; Chiellini, F.;
Pietrabissa, A.; Petrini, M.; et al. Investigation of interactions between poly-L-lysine-coated boron nitride
nanotubes and C2C12 cells: up-take, cytocompatibility, and differentiation. Int. J. Nanomed. 2010, 5, 285–298.
[CrossRef]
Serena, D.; Gianni, C.; Stefania, M.; Delfo, D.A.; Elena, C.; Claudia, N.; Rosaria, B.; Giovanni, B.; Andrea, P.;
Michele, L.; et al. Boron nitride nanotubes and primary human osteoblasts: In vitro compatibility and
biological interactions under low frequency ultrasound stimulation. Nanotechnology 2013, 24. [CrossRef]
Ciofani, G.; Raffa, V.; Menciassi, A.; Cuschieri, A. Cytocompatibility, interactions, and uptake of
polyethyleneimine-coated boron nitride nanotubes by living cells: Confirmation of their potential for
biomedical applications. Biotechnol. Bioeng. 2008, 101, 850–858. [CrossRef] [PubMed]
Ciofani, G.; Danti, S.; Genchi, G.G.; Mazzolai, B.; Mattoli, V. Boron Nitride Nanotubes: Biocompatibility and
Potential Spill-Over in Nanomedicine. Small 2013, 9, 1672–1685. [CrossRef] [PubMed]
Horváth, L.; Magrez, A.; Golberg, D.; Zhi, C.; Bando, Y.; Smajda, R.; Horváth, E.; Forró, L.; Schwaller, B.
In Vitro Investigation of the Cellular Toxicity of Boron Nitride Nanotubes. ACS Nano 2011, 5, 3800–3810.
[CrossRef] [PubMed]
Soares, D.C.F.; Ferreira, T.H.; Ferreira, C.d.A.; Cardoso, V.N.; de Sousa, E.M.B. Boron nitride
nanotubes radiolabeled with 99mTc: Preparation, physicochemical characterization, biodistribution study,
and scintigraphic imaging in Swiss mice. Int. J. Pharm. 2012, 423, 489–495. [CrossRef] [PubMed]
Chen, X.; Wu, P.; Rousseas, M.; Okawa, D.; Gartner, Z.; Zettl, A.; Bertozzi, C.R. Boron nitride nanotubes
are noncytotoxic and can be functionalized for interaction with proteins and cells. J. Am. Chem. Soc. 2009,
131, 890–891. [CrossRef] [PubMed]
Gao, Z.; Zhi, C.; Bando, Y.; Golberg, D.; Serizawa, T. Isolation of individual boron nitride nanotubes via
peptide wrapping. J. Am. Chem. Soc. 2010, 132, 4976–4977. [CrossRef] [PubMed]
Zhi, C.; Bando, Y.; Tang, C.; Honda, S.; Sato, K.; Kuwahara, H.; Golberg, D. Covalent functionalization:
towards soluble multiwalled boron nitride nanotubes. Angew. Chem. Int. Ed. 2005, 44, 7932–7935. [CrossRef]
[PubMed]

Molecules 2016, 21, 922

87.

88.
89.

90.
91.
92.
93.

94.

95.

96.

97.
98.
99.
100.

101.

102.

103.
104.

105.

106.

107.

18 of 19

Huang, Q.; Bando, Y.; Zhi, C.; Golberg, D.; Kurashima, K.; Xu, F.; Gao, L. Chemical peeling and branching
of boron nitride nanotubes in dimethyl sulfoxide. Angew. Chem. Int. Ed. 2006, 45, 2044–2047. [CrossRef]
[PubMed]
Pal, S.; Vivekchand, S.; Govindaraj, A.; Rao, C. Functionalization and solubilization of BN nanotubes by
interaction with Lewis bases. J. Mater. Chem. 2007, 17, 450–452. [CrossRef]
Ciofani, G.; Genchi, G.G.; Liakos, I.; Athanassiou, A.; Dinucci, D.; Chiellini, F.; Mattoli, V. A simple approach
to covalent functionalization of boron nitride nanotubes. J. Colloid Interface Sci. 2012, 374, 308–314. [CrossRef]
[PubMed]
Shin, H.; Guan, J.; Zgierski, M.Z.; Kim, K.S.; Kingston, C.T.; Simard, B. Covalent Functionalization of Boron
Nitride Nanotubes via Reduction Chemistry. ACS Nano 2015, 9, 12573–12582. [CrossRef] [PubMed]
Zhi, C.; Bando, Y.; Tang, C.; Honda, S.; Kuwahara, H.; Golberg, D. Boron nitride nanotubes/polystyrene
composites. J. Mater. Res. 2006, 21, 2794–2800. [CrossRef]
Huang, Q.; Bando, Y.; Xu, X.; Nishimura, T.; Zhi, C.; Tang, C.; Xu, F.; Gao, L.; Golberg, D. Enhancing
superplasticity of engineering ceramics by introducing BN nanotubes. Nanotechnology 2007, 18. [CrossRef]
Xue, Y.; Jiang, B.; Bourgeois, L.; Dai, P.; Mitome, M.; Zhang, C.; Yamaguchi, M.; Matveev, A.; Tang, C.;
Bando, Y.; et al. Aluminum matrix composites reinforced with multi-walled boron nitride nanotubes
fabricated by a high-pressure torsion technique. Mater. Des. 2015, 88, 451–460. [CrossRef]
Yamaguchi, M.; Meng, F.; Firestein, K.; Tsuchiya, K.; Golberg, D. Powder metallurgy routes toward
aluminum boron nitride nanotube composites, their morphologies, structures and mechanical properties.
Mater. Sci. Eng. A 2014, 604, 9–17. [CrossRef]
Zhi, C.; Bando, Y.; Terao, T.; Tang, C.; Kuwahara, H.; Golberg, D. Towards Thermoconductive, Electrically
Insulating Polymeric Composites with Boron Nitride Nanotubes as Fillers. Adv. Funct. Mater. 2009,
19, 1857–1862. [CrossRef]
Sauti, G.; Park, C.; Kang, J.H.; Kim, J.; Harrison, J.S.; Smith, M.W.; Jordan, K.; Lowther, S.E.;
Lillehei, P.T.; Thibeault, S.A. Boron nitride and boron nitride nanotube materials for radiation shielding.
US Patent US20130119316 A1, 16 May 2013.
Sears, V.F. Neutron Scattering Lengths and Cross Section. Neutron News 1992, 3, 29–37. [CrossRef]
Gao, J.; Xu, B. Applications of nanomaterials inside cells. Nano Today 2009, 4, 37–51. [CrossRef]
Genchi, G.G.; Ciofani, G. Bioapplications of boron nitride nanotubes. Nanomedicine 2015, 10, 3315–3319.
[CrossRef] [PubMed]
Lahiri, D.; Rouzaud, F.; Richard, T.; Keshri, A.K.; Bakshi, S.R.; Kos, L.; Agarwal, A. Boron nitride nanotube
reinforced polylactide–polycaprolactone copolymer composite: Mechanical properties and cytocompatibility
with osteoblasts and macrophages in vitro. Acta Biomater. 2010, 6, 3524–3533. [CrossRef] [PubMed]
Lahiri, D.; Singh, V.; Benaduce, A.P.; Seal, S.; Kos, L.; Agarwal, A. Boron nitride nanotube reinforced
hydroxyapatite composite: Mechanical and tribological performance and in-vitro biocompatibility to
osteoblasts. J. Mech. Behav. Biomed. 2011, 4, 44–56. [CrossRef] [PubMed]
Shuai, C.; Gao, C.; Feng, P.; Xiao, T.; Yu, K.; Deng, Y.; Peng, S. Boron Nitride Nanotubes Reinforce
Tricalcium Phosphate Scaffolds and Promote the Osteogenic Differentiation of Mesenchymal Stem Cells.
J. Biomed. Nanotechnol. 2016, 12, 934–947. [CrossRef] [PubMed]
Gianni, C.; Barbara, M.; Virgilio, M. Recent Advancements in Boron Nitride Nanotube Biomedical Research.
In Nanotubes and Nanosheets; Chen, Y., Ed.; CRC Press: Boca Raton, FL, USA, 2015; pp. 575–586.
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